TAMU CLEVERarm (Compact, Low-weight, Ergonomic, Virtual/Augmented Reality Enhanced Rehabilitation arm) is a novel exoskeleton with eight degrees of freedom supporting the motion of shoulder girdle, glenohumeral joint, elbow and wrist. Of the exoskeleton's eight degrees of freedom (DOF), six are active and the two degrees of freedom supporting the motion of wrist are passive. This paper outlines the kinematic structure of CLEVERarm, and the novel features of its design. Moreover, the control architecture is briefly introduced and some initial results are reported.
I. INTRODUCTION
Stroke affects an increasing portion of the aging population of world, leaving many of the survivors with different levels and forms of disability. There is a recent surge in use of robotic systems for rehabilitation purposes due to their inherent capabilities in producing high intensity, repeatable, and precisely controllable motions [1] . Endeffector based systems [2] and exoskeletons [3] are the two category of the robotic systems designed to provide automated therapy to stroke patients.
End-effector based systems are structurally simpler, however, they are not capable of producing controlled motion in all joints of the upper-limb like exoskeletons. On the other, design of low-weight and compact exoskeletons that are back-drivable for maximizing the engagement of patients has proven to be challenging. Over the past couple of years, several exoskeleton systems have been designed to achieve the aforementioned goals.
TAMU CLEVERarm is a novel exoskeleton designed to achieve compactness and reduction of weigh. The ultimate goal in development of the exoskeleton and its control system is functional recovery of stroke patient. This paper briefly outlines the kinematic structure of CLEVERarm, the embodiment of the design and the control architecture.
II. TAMU CLEVERARM
CLEVERarm has eight degrees of freedom (six active and two passive) supporting the motion of shoulder girdle, GH joint, elbow, and wrist. The motion of the GH joint and the inner shoulder are supported by five degrees of freedom. Three revolute joints, constituting a spherical linkage, is used to provide the three DoF required for the motion of GH joint. CLEVERarm uses two active degrees of freedom (a revolute joint followed by a prismatic joint) to model the displacement *This research is sponsored by QNRF, NPRP N. 7-1685-2-626. R. Soltani-Zarrin A. Zeiaee, A. Eib and R. Langari are with Texas A&M University, College Station, TX USA (email: rana.soltani@tamu.edu).
R. Tafreshi is with Texas A&M University at Qatar, Doha, Qatar. N. Robson is with California State University Fullerton, CA USA of GH joint center in the frontal plane of human body which allows accurate tracking of GH joint center path on the frontal plane without approximating it as a circular path [4] . Additionally, an active degree of freedom is used for assisting flexion/extension of the elbow, while pronation/supination and flexion/extension of the wrist are supported by passive degrees of freedom. The device is also equipped with visual technologies such as virtual and augmented reality to enable diverse, task-specific and immersive training scenarios. Fig. 1 shows the actual prototype, and the CAD model of the exoskeleton. Denavit-Hartenberg (DH) convention was used for kinematic modeling of the system. Fig. 2 shows the assignment of coordinate systems and the corresponding DH parameters where p1 through p6 are the physical parameters of system. While p1 and p2 are constants, other parameters can be changed to accommodate different patient body dimensions. (Harmonic Drive LLC), were used in rotary joints while the prismatic joint in the design of exoskeleton was realized by a direct drive linear actuator. To ensure reliability of joint level feedback, an incremental and an absolute encoder were used in each joint. Moreover, the two physical interfaces between the device and body were equipped with 6 axis force/torque sensors.
To minimize the weight of the device, various choices of material and manufacturing techniques were studied and a combination of Aluminum and 3D printed Continuous Filament Fabrication (CFF) Carbon Fiber reinforced plastic was selected. While carbon fiber possesses many advantageous properties, 3D printed CFF structures suffer from orthotropic strength deficiencies whereby inter-carbon fiber filament layers possess only the strength of the plastic combining them. To address this issue, structures were optimized using finite element analysis (FEA) for minimum deflection. Fig. 3 .a shows a link under worst-case static loading and Fig. 3.b shows the layout of carbon fiber filament used in one of the 3D printed layers where each continuous blue line represents one continuous carbon fiber filament. Plastic/metal interfaces presented a challenge and were designed to distribute the loads over large areas avoiding stress concentrations in any particular region. The weight of the exoskeleton body without actuation system is about 14 lbs., while the weight of the entire device is about 27 lbs.
IV. CONTROL ARCHITECTURE
The overall control architecture of CELEVRarm is shown in Fig. 4 . The control algorithm is implemented on National Instruments' CompactRio (cRio) RealTime target and FPGA. The main control loop runs at 1 kHz while the force sensors data is acquired by the FPGA at 5 kHz rate. Gravity compensation is achieved by developing a gravitational model for the system [5] . Inertial values required for the model were calculated from the CAD model of the system in SolidWorks, Dassault Systèmes. Game environments are part of the control architecture of the CLEVERarm since they represent the desired position for the patient hand. As Fig. 4 shows, desired positions from the game environment are fed into the reference generation block within the control architecture to generate human-like motions considering the scapulohumeral rhythms using the algorithms developed by the authors [6] . Friction compensation can be achieved by developing empirical models [8] . Alternatively, admittance-based control approaches can be used to improve back-drivability by compensating the effects of friction [7] . Fig. 5 shows two different impedance values using admittance control. 
